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ABOUT THE SERIES SPECTRA OF THE ELEMENTS OXYGEN, SULFUR, AND SELENIUM

by C. Runge and F. Paschen

INTRODUCTION

Since the investigations of PlUcker and Hittorf it has been known that

the discharge of electricity in a gas will produce different spectra,

depending on the kind of gas present and on its pressure. Plucker and

Hottorf observed continuous band spectra in a series of gases exposed to the

discharges of an induction apparatus. When a Leyden jar and a spark gap

were connected to the circuit, the continuous band spectrum vanished and

gave way to a line spectrum. Schuster , working with oxygen, demonstrated

that under the conditions which produce continuous band spectra with the

gases investigated by PlUcker and Hittorf, oxygen produces a line spectrum

in addition to the continuous band spectrum visible in the vicinity of the

cathode. Both the line spectrum and the continuous band spectrum vanish and

give way to a new line spectrum when a Leyden jar and a spark gap are

connected to the circuit. Schuster :±Lw'ed the first line spectrum the

"compound' line snectrum of oxygen and ooserved that it consisted of four

lines. Paalzow and H. W. Vogel2 made a more thorough investigation of this
"compound" line spectrum, albeit using a smaller dispersion. Until now, the

most complete investigation of the compound line spectrum has been that of
3Piazzi Smyth , whose work, it appears, has attracted too little notice. His

measurements have not been included in the catalogue of the British

Association, nor in the Index of Spectra compiled by Watts, most probably

because he had the unfortunate idea of using the English inch as his basic

unit of measurement, and provided us only with a drawing of the spectrum

from which only the reciprocal values of the wavelengths as expressed in

inches can be deduced. We have also made an investigation of the compound

line spectrum, and can confirm the results obtained by Piazzi Smyth,

expanding and confirming them in several respects. At the same time we have

investigated the chemically related elements sulfur and selenium and have

found that under certain conditions they produce a spectrum analogous to the

compouni line spectrum, an effect which to our knowledge has not been noted

1) Se,'itsu r. Phi. '..,-. 1T1. !',.
21 P'aa|ow u2. Ii. Wv. .,i. w ieti. * , . I --l.

.1'a. b Rm.
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previously. It is worth noting that these spectral lines, some of them quite

strongly marked, have somehow escaped detection until now; at the same time

it strikes us as not unlikely that some of the lines of unknown origin that

have been observed in the sun and the stars can be linked with known elements

if those elements can be made to luminesce under other conditions.

The three spectra of oxygen, sulfur, and selenium show a great regularity

of structure. The lines are grouped in series which follow the laws given by

Rydberg, and Kayser and Runge. A comparison of the three spectra with one

another also shows a marked regularity. As the atomic weight increases, the

spectrum, on the whole, moves towards larger wavelengths, a pattern similar

to that observed in the series spectra of other groups of chemically related

elements.

§ 1. THE APPARATUS

Geissler tubes were set up in the manner described in our investigation
1

of the spectrum of helium. The only difference was that the tubes remained

connected to the vacuum pump throughout the experiments. We did not affix

the tubes in such a manner that they could be melted off. They had to be

constantly handled, heated, emptied, and flushed with oxygen if one wanted

to retain a sufficiently bright and clear spectrum. The light emanating from

the small window in the tube was focused on the aperture of the spectral

apparatus with a quartz lens. In addition to a small pocket spectroscope,

used to control the operation of the tubes, we used a small Rowland-type

concave grid with a radius of curvature of 1 meter, with a 4 X 8 cm grooved

surface having ca. 600 grooves/mm, as well as a larger Rowland-type concave
2

grid having a radius of curvature of 6.5 meters, 5 X 15 cm grooved surface

and ca. 800 grooves/mm. The Geissler tubes were connected to the vacuum

pump by a vertical cutoff, enabling us to turn the tubes on a vertical axis

without disturbing the vacuum. This gave us a choice of spectra through

either the smaller grid or the larger one. For this purpose, the centers of

curvature, the aperture, and the grids were all set up on a single plane.

The smaller of the concave grids gave a significantly brighter spectrum than

the larger concave grid, but it had only 2/17 of the larger grid's dispersion.

)i Runge u. Paschen, A.:rophyi. Journ. 3. Jan. 196.
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With the smaller grid, we obtained 17 angstroms/mm in the first order, while

the larger one gave us close to two. At the same time, the smaller dispersion

is by no means a disadvantage for many purposes, since it allows a rapid

A overview of the entire spectrum. We did not set up the grids according to

Rowland's specifications. In particular for the smaller grid a different

setup proved more suitable. The aperture and the grid were placed in a fixed

position on a mirror glass plate blackened with lamp-black. When the aperture

lies on a circle drawn around the focus of the convex mirror formed by the

grid at a distance of half the radius of curvature, the spectrum is found on

the same circle. There we prepared a solid wooden frame onto which a

Schleussner-type photographic film was attached by means of rubber bands. The

wooden frame was bent in such a manner and affixed to the glass plate so that

the whole spectrum was correctly projected onto the film. A cover constructed

of wood and cardboard and set over the entire apparatus guarded against

outside light. This setup is also to be recommended 'or direct visual

observations. We placed a scale, calibrated mechnically and copied onto

photographic paper with intervals uf 10 angstroms marked, on the wooden frame.

The edge of this strip of paper could be pushed into the spectrum, enabling

the observer to read the wavelengths of the spectrum rapidly within an

accuracy of about one or two angstroms. For some observations speed is more

vital than accuracy, such as when the spectrum is changiag rapidly and one
desires to know which lines appear simultaneously. The whole spectrum was

not longer than 25 cm, so that it was not necessary to leave one's seat in

order to survey the entire spectrum at a glance. This setup is also suited

for exact visual measurements. For this we affixed a microscope with weak 2

magnification to the runners of an Abbe-type comparator, the microscope

being equipped with crosshairs. One could then read off the displacement

of the microscope on the comparator scale when the crosshairs were centered

on a given spectral line. One could then interpolate from the wavelengths

of known spectral lines the wavelengths of unknown spectral lines lying

between them. We used this technique to measure the red lines of our spectra.

Photographic measurements in this case would not have been practical, due to

the weak sensitivity of the photographic emulsions sensitive to red. For

purposes of comparison we used, in part,

t 3



the red lines of the solar spectrum as measured by Rowland, and in part

lines from the spectra of oxygen and argon which had been calibrated

against the solar itnes. For the red portion of the spectrum, the

spectrum of argon is especially useful for purposes of comparison, since

it contains an adequate number of bright red lines. Of course one must

first make an exact measurement of the argon lines; the extant figures

supplied by Crookes, Kayser, Eder, and Valenta are not exact enough in

this part of the spectrum. We will publish our measurements of the argon

lines in a separate monograph. For the large grid, we also have used a

setup that reduced dispersion by about one half. A six-inch refractor

belonging to the Geodetic Institute of the Polytechnic School was set up

so that the aperture coincided with the crosshairs, and the light coming

through the aperture fell parallel on the concave grid. The spectrum then

lies on a circle the diameter of which is equal to the line connecting the

grid with its focal point. This increases the brightness by a factor of

four, and gives the advantage that in the vicinity of the focal point the

image of the aperture is, as is shown by the theory of grids, not astigmatic,

and thus the imperfections of the aperture and of its adjustments are

obviated. This setup is recommended for laboratories where lack of space

makes a Rowland-type arrangement with a large grid impracticable. In our

method, the room need be no larger than 4 meters in length. In order to

obtain the greatest possible brightness in visual observations, we have

used a cylindrical lens as magnifying glass, by setting its axis parallel

to the lines. This way magnification is limited to the direction of the

spectrum, which after all is the main consideration, and not in the direction

of the lines, and more light is concentrated on a given area of the

retina than if one magnified in both directions. Naturally this is only
applicable when the lightrays projected from one point on the line do not

fill the pupil of the eye in a vertical direction. In the case of the

large grid, however, they are far from meeting this condition. The grooves

are 5 cm long, and without the refractor the spectrum is ca. 650 cm removed

from the grid, while with the refractor this distance is reduced to 325 cm.

The angle formed by the rays from one point on the line is cqual to 1:130

4
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or 1:65. When an ordinary magnifying lens is used, e. g. one having a focal

length of 3 cm, the lightrays from a given point on a spectral line will have

a circular diameter of 0.23 mm or 0.46 mm when they reach the pupil of the
observer's eye, while the pupil itself measures 2 - 4 mm in diameter.

§ 2. THE COMPOUND LINE SPECTRUM OF OXYGEN

In order to obtain the purest possible spectrum for oxygen, we employed

the methods described by Paalzow and H. W. Vogel. 1 Using a U-shaped curved

tube, we connected both arms of the tube to a mercury vacuum pump. We filled

the tube with concentrated H 2So4 and inserted platinuti wire electrodes which

then were used to generate hydrogen in one arm and oxygen in the other by

running a current thiough the apparatus. From the one arm of the U-shaped

tube the gas was sucked directly into the vacuum pump, while the gas from the

other arm first passed through a Geissler tube, then through a U-shaped bend

in the tube filled with a solution of potassium bichromate in concentrated

H2SO4 and then passed into the tube connecting the other arm to the pump (see

illustration 1). The chromic acid has the purpose of keeping carbon compounds

from valve lubricants away from the Geissler tube. By this means it is not

difficult to avoid the carbon oxide bands that so easily form in the spectrum

of a Geissler tube. When the tube is heated with a Bunsen burner and a stream

of oxygen is passed through it, with the pump operating continuously, the tube

will show a pure oxygen spectrum; only the hydrogen lines H,, H , HX, etc.

remain, and we have made no effort to remove them. Mercury lines also appear

easily, as do the sodium lines D and D when the capillary becomes hot. All
1 2

these lines are normal and desirable. -to the pump

In other parts of the tube, the bands valve

observed by Schuster were visible, and - -

a whole series of the lines of the

spark spectrum, even though no Leyden

jar or spark gap had been connected

" to the circuit. In the capillaries ._.-- -
the lines of the compound line " '-- TK CT~ 2Cr207

the lie o h cmondln 2 2 7spectrum appeared, window H2SO4 or H2SeO solution

I, I'aalzow %. II. "V. Vogel. Wie.i. Ann. 1:3. p. '34. 1i81. ILLUSTRATION 1.
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When a Leyden jar and a spark gap are switched into the circuit, the lines

of the compound line spectrum dim and become less distinct. Simultaneously

the lines of the spark spectrum appear much--more strongly in the capillaries,

while the bands vanish. The wavelengths of the compound line spectrum are:

. KEY TO TABLES ON pp. 6-7:

k . . A Wavelength related to

'. . ....... - Rowland's norms
.0$X 001 4 .1 hnd r(,v ul 2~

SG,230' O, *t,. U Upg n lfl~rm . . I ~t~Ian~r'B Mean error1 )

N3$,714 O.01t7 '. egen Elisennornaleu DIAi l1,t#rI , C No. of observations

:1130.11 0.0 12 D Remarks

0: , : : 1;. LI, ,b:; ,.,, ' , ,:,.:: ,, ,. , : ; !' - ,

a measured against Deslandres iron norm...

b measured against Schuster iron norm...

q in three exposures the two lines couldn't be differentiated; in these

the mean is calculated at 4654.66, the mean error at 0.05

d in four exposures the two lines could not be differentiated; in these

the mean is calculated at 4772.96, the mean error at 0.015

a not separated in three exposures; mean 4802.29, mean error 0.08

f measured against Piazzi Smyth iron norm...

indistinct

h against iron norms; a weak companion found on side of smaller wavelengths

i against argon lines

. against argon lines and solar lines

k the mean error of the mean is 0.015; the distance between the two lines is

less, precisely because it was hard to see them when the aperture was set

sufficiently narrow to separate them

Best Available Copy



A B CD

a -

~ -1 rfAiamnkntndoLddt

4G654.41 1 2 Tnien meit ,.ctrenut werdau. JH.i
443j4.74 t 8 'iee 6-leb thts Mirt&. 4654,00. uiltd., ~

*~ I.,.'' j .

-IjQ I~ 1)(2 i d dr'i Aur'uiuiimerx nicht getronat.

U ~ .Mluel~ 4 O2..Juit-. 0 .08 e

I .

5037.34 0,5 3 '2

In,-,0 O'On 0 3
5I110123 ;0108 8 5 gegetn s~normana~ IMiazi ~myth~: 514Ztf
.1252 0,04 7 4
5190,17 0.03 8 5 b, f

53829,102 b~2,0S*. 829
j,320,774 0,01 3 1 7 5 ,, 320 $117 '; b 3;0,44
5830,3 I 0 5330:'.0 5A 381, 44

5403,06 0410 6 8
5 1 ,08 ,S ' m,8 A 7 4 p l s It l5410,97 0,08 7 8 54P07,94yt:

1) Schuster, Astrophysical Joumal b~. p. 168.
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'A B C D

:*433.P" lt 1&1' J ptin Elienuornima .. 3. 4. 1

3612,Ud2 0.01. 3 -' twon Eldeuvortmakn.
kchwacher 13.,9leter

nuf dr se*4*!w

I * *,olehup

94 *,*," ., Argoullulcnj

0261.o$3 0.0:3 1 3
iI2.U 4, T U'io I 1
6".7" U,014 I 1
6 10) 0 ,bg rgilnlnj .. . 4Z4.04
G454,%L6 Ulf)1!5 11) . ,f U 4.5,6

T002,46 (1,18 4 4 ., *..'

7234,32 0,13 1 2 ,, ', 73. b
177t211 0,07 6 1')

0O.15 Ist der milttlare Fehior do Mittela. Dir
7774,3 s :JAbstand der belden Linton Wi wealger

17 4 8 0,15 8 1 1 geu.u, w ll es uchw r w ar, it@ n ch caueben,
775.0 1 6 w an dir Sp lt on; Ieuug war, u mn sit

I sotreuen intSmyt: 07768,36
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NOTES TO TABLE ON p. 6:

1) The figures given here for mean error are not very meaningful in cases

where the number of observations is small, since it is possible that in

a small number of observations the deviation from the mean can also be

quite small. Nevertheless we thcught it right to include the mean error

since when taken as part of the whole picture, they give an objective

representation 3f the accuracy of the results obtained.

2) These measurements are not in relation to Rowland's norm. Were that the

assumed norm, our figures would increase by a factor of 1:7000.

3) The mean error for these lines is derived from a comparison of

measurements taken from photographic exposures made using the smaller

grid, where the three components do not appear separately. The intervals

between the components were determined by using the larger grid. The mean

error, therefore, refers to the point of greatest intensity of the three

merged lines. This was found by reference to iron norms at 3947.572.

The wavelengths of the three components were then determined in such a

way that they would show the intervals measured by using the larger grid,

with their center of gravity lying at 3947.572 when the strongest line

was counted four times, the second strongest twice, and the weakest line

counted once. To a point this is an arbitrary assumption. It is quite

possible that the point of greatest intensity is determined primarily

by the first line. In that case all three components should have larger
wavelengths.

4) d means doubled.

9 [



The trinle red line at 777 was determined by reference to iron lines of

the second order. Since these could not be compared visually, we attached

a number of fine wires to the camera in positions on either side of the

red line and parallel to it, measured the position of the triple red line

in relation to the wires, and then determined the position of the wires

relative to the iron lines of the second order by making photographic exposures

of the iron spectrum preceding and following the oxygen observations.

During the procedure the wires were placed next to but not touching the

photographic plate itself. By comparing exposures taken before and after

the experiment, we were able to assure ourselves that the position of the

wires had net been disturbed. In addition to the lines listed in our table

we also observed some others whicn we take to be oxygen lines of the compound

spectrum. These, however, were read only from the paper scale, and

are accurate only within one or two angstroms:

6107 int. 2 Piazzi Smyth 6103

7157 int. 1

7454 int. 1

The measurements by Piazzi Smyth listed in our table are taken from his|4N

drawing1 and converted to Rowland's scale, by which means we brought

Smyth's figures for k, Di, and D. into the best attainable correspondence

with Rowland's figures. His measurements when taken as an absolute indi-ation I
are by no means remarkable. Taken as a relative indication, they

are very good indeed for his time. A few weak lines on Smyth's list, which

we have not found in our observations and which we assume are not ox.-gen

lines, have been excluded from our table. Piazzi Smyth was the first to

have observed and measured three times the lines observed by Schuster,

and he was the first to have discovered three additional lines of the same

structure. It also did not escape his attention that these six triplets
are not only of the same structure, which characterizes them, 2but also

that they form a regular system when taken as a whole. Had the laws of

series been known at that time, he would have recognized that the oxygen

triplets form two subseries converging on a single point. In each instance
1) i'iazzi Smith. T.s.of :be Ro. Soc. of Ediub=zh =. i|4
2) Piazzi Sfyth -ca-t Ar r.'ti The e%& ':er:tiC of

0 svge2 -'ipito ane s pecu!.ar =4 -o ciritey adhered to in erery "
stance, that 4 hare been Lie iu --omn- toes swarmiz vri:h lines 'U-'

it cpriics to pick out an Oxygrn t:iict as r--ily XS .;za would "
*ainguiah in a --owd of 4i:=s, a --od!Cr with croz., Lbeits 2. 1 tcark*c O:-
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he takes one triplet of a series with a triplet from the other series and

observes that they converge, pair to pair.

NOTE 1) As vie were in the final stages of our work, Schuster informed us by

letter that he had found that the six triplets (also observed by

Piazzi Smyth) form two subseries, for which he had calculated

formulas.

We were also able to follow one of the series further through three additional

triplets, for which further details are supplied below.

The triplet in the extremity of red at 777 was also discovered by Piazzi

Smyth, but he did not separate it. When one considers the lack of sensitivity

of the human eye for this portion of the spectrum, one arrives at the surmise

that this triplet must have a relatively high intensity. Probably it contains

by far the strongest lines of the compound line spectrum. This triplet is

especially interesting since since its three lines, as far as can be judged,
2

occur with the same relative intensities among the Fraunhofer lines. In

Higg's Atlas of the Solar Spectrum, these lines lie at 7772.20, 7774.43, and

7775.62, of which the first line is the strongest and the last the weakest.

The deviations from our measurements are within the range of observational

error. It must be taken into consideration that in our observations the

mean of the two weaker components is much better determined than is their

interval, since it was difficult to see them with the narrow aperture, while

they merged with the larger aperture. The mean of the two components is

7775.14 and corresponds well with the mean 7775.02 of the lines of Higg's

atlas. Schuster and Piazzi Smyth already observed that the lines of the

compound line spectrum occur among Fraunhofer's lines. But their data were

not exact enough to allow for firm conclusions. Now Rowland has made such

exact measurements of Fraunhofer's lines that we had to demonstrate each of

the components of our triplets individually among them. This showed that

the other oxygen lines, according to our measurements, could not be found

among Fraunhofer's lines, or could not be demonstrated with certainty. The

Fraunhofer lines with which they could be identical were, when found, so weak

and surrounded so thickly by other weak Fraunhofer lines that a correspondence

within the limits of observational error is meaningless. In the following
2) VgI. Ruage u. Paschen, Oxygen in the 3un Astre- vci,.ai

J,urnal 4. Dec. 1Mt6.
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table we list the strongest of the oxygen lines alongside Rowland's1)

measurements of the adjacent Fraunhofer lines and those of the chromosphere.

A H 1) R E F4 T-- -- l -- .. ! i,,

* ..p1..rer , :I *Jil

• . . . 1, r i ..i

3. 6,0 2. I T

3t 49 4 7;., ., 5 4

:9 4 7. 1 2 T!

3 ' 4 0.02 I 'J54.0zi) L, Ni MI
:19.4, 5" 1 Fe?

43,68.' 0,01 10 43tS,462 0 Ii
4368,629 000

1) Rowland, Prelimianry table of Solar Spectrum Wavelengthl,

Astrophysic bJourn. 1-4a.

2) Cf. Note I, p. 647 (p. 8 of translation)

3) Cf. Note 3, p. 647 (p. 8 of translation)

KEY TO TABLES ON pp. 11-12:

A oxygen lines

B mean error

C intensity

D Fraunhofer lines

E intensity

F element

G lines of the chromosphere

H frequency

I intensity

Best Available Cop.,
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A j n F G
. r .I Tl (, ,.,8. , :,.r...,hL h tell- Ec ,iet rLi . . .

vit i;it ~it

* ~ Cr

:11 Fe 330.1J

3 I. 1' . 0 0"

.: ..... , '

N i

Fe

, 1. 3,4"

: ,,";41F .' .3 "1 t ; 6 4 , 15

41uO Atm.

I '::= 64,5," '.. " C
5454,743 : <'.

0,015 ,455,4 , 0 0 4j 6456,6d 15 %-IV

8455,82U 2 Ca
6450,0";0 0000

645G,29 j , 0 6456,251 0000

100.S10 00

70tr.4 e.13 4 002. ..5 00 Atm.

,002. .0 0000

.253,493 1 Atm.

.254.002 1 Atm.

,254.32 0.13 2 ..4., ,6 0000

5=2.26 0.07 10 3,20 3 Higs

7,4.~ S 5114.4 3 12

1)-Schuster has pointed out the clOae-correspondence btw the two green

triplets and lines of the chromosphere. Astrophys. Journ. 5. p, 163
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After 777 the strongest lines are the lines of the triplets at 3947

and at 616, and the line at 4368. These in fact come quite close to

Fraunhofer lines. We would especially like to point out the triplet at

3947 which, as we will see, belongs to one series with 777. According to

this the middle line would be masked by an iron line. The two others,

however, are somewhat stronger Fraunhofer lines with the right intensity

relationships and of hitherto unknown origins. By far the strongest evidence

for a coincidence with Fraunhofer's lines exists with the three lines at the

extremity of red, because heere the density of the lines is less, and thus

a coincidence is far more significant.

Jewell has investigated these three Fraunhofer lines as to their

terrestrial origin and has found that they increase in intensity as the sun

nears the horizon, and that their intensities show a greater variability than

those of the oxygen band A. From this Jewell concludes that the Fraunhofer

lines have their origin in water vapor in the atmosphere. It follows that

their correspondence with oxygen lines must be accidental. We do not agree

with this conclusion, since it seems improbable that both wavelengths and

intensities in this relatively unpopulated area of the spectrum should

coincide by sheer accident. There is also a further argument. As is shown

below, the oxygen spectrum reveals definite regularities according to which

we can predict certain values for the wavelength differences among the red

oxygen lines. Now, Higg's photographs show the three Fraunhofer lines with

greater accuracy than could be achieved in our own measurements of the red

lines, and the differences in the wavelengths of the Fraunhofer lines agree

even better with the predicted values than do the measurements made on oxygen

itself. It follows from these observations that 1.) the lines of the solar

spectrum are identical with the oxygen lines measured by us, and therefore

2.) that they cannot be lines produced by water vapor in the atmosphere.

Jewell's observations show clearly that the lines of the solar spectrum are

of terrestrial origin, but the proof that they are, in fact, produced by

atmospheric water vapor seems far from clear to us. Thus we have no choice

absorption of atmospheric oxygen, and that we are faced with the remarkable

1, JewelI, Astrophysic.al Joum. 5. Febr. 1897.
114



case in point, that is that oxygen in Geissler's tubes also emits the very

sime lines.

As for the coincidences with lines of the chromosphere, no conclusion

can be reached. t Lhe case of the two green triplets, the strong triplet

at 616 should also appear for the sake of the continuity of the series. As

long as this is not observed, the other coincidences must be regarded as

accidental.

§ 3. THE SERIES OF THE OXYGEN SPECTRUM

In addition to the six triplets observed by Piazzi Smyth, we have found

seven other triplets of the same structure, which along with the first six

form two series. In the case of three of them we were also able to measure

all three components; in the case of the weaker triplets the weaker components

merged, so that we were only able to measure the strongest component and the

mean formed by the two weaker components. The differences in the frequency

numbers of the three components of each triplet are, insofar as the accuracy

of our observations allows for a conclusion, the same for all triplets. In
the following tavle, the reciprocal values of the wavelengths, reduced to a

vacuum, are indicated. The comma [i.e. decimal point] is placed in such a

manner that these reciprocal values are equal to the total number of

oscillations needed by the lightwaves to traverse the distance of 1 cm in a

vacuum. The reduction to vacuum values is according to the method described
by Kayser and Runge Iin their study of dispersion in air. Although this

reduction is not crucial in order to convince oneself of the constant in the

frequency differences, it is desirable for some of the calculations that

follow.

1) Kayset i. Ru~;e, Abhanc. dl.Berl. Akad. Ms'3.
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A B C A B C KEY TO THE TABLE:

r. :' : ': : ' 'A as observed
B 1/ reduced to value in

"72 .... " .44a vacuum
,., 54. t.-' . . : - 4 . 5_. ,-7'

S.C .. C difference

~~1.4
i.,;, U41.

. ,!35 1 4 3 .. I" d -
t; ,",;, '., , , , . - - ... .. .

.. 14.-Q

501 9,.5 T i:1.S 7 .4 .:
1..-P)" 4 5 -5,6 . 44

5 0 1.Q ,4 3i j. 74 )7T. 4.4 2 t ;:;S. -,

J!0:.3G Igo 13 : 4Z ,6.0 2184W 415401 s .04 2 1915'U,, 57.4 t:$3.1S4 415A

" . 4 0119,5O 34 4523,70 2209971

4966,U4 -0123,14 1 45..95d 22103.3:

4967.58 2012-5,01

With the first four triplets, the intervals between the components could

be measured by use of the larger grid. Thus those values are more precise

by far than those of the subsequent triplets. If one considers only the

former, the following mean for the differences is obtained: 3.20 and 2.08.

One can then adjust the three components of each triplet by weighting them

in such a way that the above differences obtain, even as their center of

gravity remains the same.1 ) The second column in the table below indicates

the values that have been adjusted according to this method. The three

components are weighted 3, 2, and 1 respectively, according to their order

of intensity, which gives an approximation also of the exactitude of the

measurements.

This procedure can be deduced from the method of least squares,

16 Best Available Cop"



D F G KEY TO TABLE:

, . . , '.. )iort" .er D Frequency number

..... ........ E Adjusted frequency number
6- 0.01 .'4 F Difference

.,- u.T -. ', G Corresponding difference
*: .:'".. -, v.in wavelength

"'u1 Su.L) + 0.:1 -

16T. 3. 8ST .3 - O.O3 C - .+ v.0

1 5'J,44i:,., Jv .'A

! 311, :' : 13. 3- 0.25 --
: d 1: 0l'J,) 0,.30) - ., ;

15919116 + 0,0 - .043

20119,50 20110,44 - 0,o, 0- ,015
20123,14 201'2,14 0,00 0,000
20125,01 20125,-22 + 0.21 - 0,U52

21 OS9 13. ;6 - 1.16 0.642

17=.30 231"7.36 4 0.0 - 0.014
).04 20819.44 + 0.40 -0.093

20941.31 20941.28 - 0.03 -- 0.007
20-45.12 20944.0S - 0.14 + 0.032
20046.69 20947.06 + V.40 -0.001

"214 . -- *24 . -". " -0.022
.,4:7:.37 , 2 ...4 _

": 1.'.n"., '7 4-".. . (, ).1 .- 0 12(L

The corrections one would have to make in the wavelengths in order to

bring them to the same difference values lie entirely within the range of

possible observational error. As for the four triplets where we were not

able to measure the weaker two components separately, the difference for the

frequency value as measured for the strongest component and the arithmetic

mean of the two weaker ones should equal 4.74. But the arithmetic mean of

the two weaker components cannot be observed when they appear merged, since

the observed line tends towards the stronger of the two. One can estimate

this deviation from the arithmetic mean by comparing measurements taken from

photographic exposures where the weaker components of the other triplet have

merged. Here, we measure the following:

17
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H j KEY TO THr TABLE:

01,.2, ,r501.1.4 t.94 H Measured value
4 oj2.29 4,:02.1 0.11

4;2.96 42,'0 , I_ Arithmetic mean

J Difference
mean 

AnWhen we assume that the wavelength as measured is also ca. 0.07 more

than the arithmetic mean for the four triplets that could not be measured

three times, then the frequency number which corresponds to this measured

wavelength must be ca.0.33 smaller. If the frequency difference for these

triplets is also constant, then we can expect to find the difference between

the frequency number of the strongest component and that of the measured

center of the two others to be not 4.74 but closer to 4.41. In fact that

difference was found to be 4.35, 4.32, 4.15, and 3.66, meaning only 0.06,

0.09, 0.26, and 0.75 less than was expected. Thus the correction for a

uniform frequency difference can be made by adjusting the values for each

pair by 0.03, 0.04, 0.13 and 0.38 respectively, which corresponds to a shift

in wavelength of 0.007, 0.008, 0.027, and 0.078 angstroms. For the

frequency numbers of the strongest components we would obtain the following:

21389.59

21780.13

21838.22

22099.33

The 13 triplet ire, as Piazzi Smyth has already

noted of the six t Lets known to him, distributed

over the spectrum in a regular order. They form, as ILLUSTRATION 2.

is shown in the illustration at the end of this Oxygen triplet:

monograph, two series converging on the same point, 3947.48/3947.66/3947.76

similar to the two series of triplets observed by Exposure made using
1)

Kayser and Runge, in the spectra of magnesium, large grid (enlarged)
calcium, strontium, zince, cadmium, and mercury.

1) Kayser u. Runge, Ablidl. Jir', Berl. Akad. 1691; vgl. auh

Rydberg, Kong. sven.Aka veteuskap. akadeiniens iatudli ar. 23. -Xr. 11.
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I
4 For each of the two series one can represent the frequency numbers with

considerable accuracy in the format

B or also as -- -,

where A, B, C are constants and n runs through the values 3, 4, 5 ......

A has three separate values, corresponding to the three components of the

triplets, the differences among them equal to the constants of the frequency

differences 3.70 and 2.08, while B and C have only one value each for each
!series of triplets. B in any case has values which do not vary a great deal

for the series of all elements, so that for the most part the two subseries

are differenti.ated by the values of C. --In our calculations, we have to

take only one of the components into account, e. g. the strongest one.

Having found the formula for representing the strongest component, then

formulas for the other components can be derived from it by simply adding

the numbers 3.70 and 5.78 to A. At the same time one can demonstrate that

the formulas for the two series differ mainly by the value of the constant

C. The frequency numbers of the neighboring triplets of the two series

result in differences approximately proportional by 1/n3

Difference

, -..z .,.. ,.. .4

, -4.. ..,:

This also shows that the forma:

will give us a better correspondence than the format

The frequency numbers of the stronger series are represented by the formulas:

'2327,93 - I ioS..7 .- 2 - 4814 .,-s

23211.0 - 11038":,-" 1
- 2 

- 4814 n-
3

23213,71 - 110387.7 11-2 - 4- 14 11-
3

1) We have made the same observation regarding the formulas for the series

in the spectrum of helium.
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the weaker series is represented by the formulas:
'J3108.0, - 1 0 0, 7.1 4- - 4110 I .'

9I, 5 - 1t; WI , (4 11; -- I

where n runs through values 4, 5, 6, ...-- The value n - 3 still gives us

positive frequency numbers, but since these lie within the infrared range,

we were unable to make any observations. The constants for the formulas are

calculated by the method of least squares from the frequency numbers of the

strongest components of each triplet, following the adjustment of values to

identical frequency differences. In this we assigned the same weight to all

frequency numbers, even though the smaller numbers are determined with far

greater accuracy. It is especially desirable that the first constant of the

formula, which gives the point from which the series originates, be determined

as exactly as possible. The constant is, in any case, principally determined

by the highest frequency numbers. Thus it is useful when these are assigned

a greater weight than would be warranted by their accuracy. In the tables belo

the values resulting from the formulas are compared with the observed values:

a starkere Seri-.
b :! rhe~ C,wJo~wnTe, ~.'"""0! - ':n,: -; *i; ,

- , . . - . KEY TO THE TABLES ON pp. 19-20:
C -L ... ,,, t " .. . .. -, .,. - • " " -_

d . .::,, a stronger series
b strongest component

S- -c weakest component
16334 U 233, 31. + I' .04-

[ 5 . 61.80,',18 + Mlu _....4 d calculated frequency no.

I2 3V. 6 130,38 4 o": -+" e observed frequency no.

- - f observed - calculated
!, 79,-0 1So.,4 0.1 -6 v.04 & corresponding difference

20tio,832 2019/.0 + 0,18 - - -- v.04
; 018o.02 20123,14 + 0,12 -0.)3 in wavelength

20125,10 .- 125,01 - o,00 + 0.02 h weaker series

2 20941,08 20941,t31 + 023 - 0,05
2 20944, q 20915,12 4 0,34 -008

, 0040.56 20946,06 - 0,'0 + 0,0S
1 1473..2 2 914" 3.63 + (1.111 - 00.1:

$ , 14'1 Te.42 1.14I.:., + 0.1- 0 03

2 14T0.,$0 .114 0.000 -0.41 +0.00

218,16A 21 W.35 -0.17 + 0,04
* 21642,22 MAW2b~I 1B44..O I

220' .24 2'21,2 1 6.47

20



.... . .. Ih '. "..'i.IWJ d

b A0,

"".. .......... .. • . .. "

S Dtr~elhuen~ ,., ,bachite ',h,- Di ,r.i z let)I i61'1.uuu W1zSb .i.hwu.--.',,t' Ber,hu et rrIer-uiZ , der

• .. ,1 ., ,- i' I .. ... :
'' 0 *' :.,. ' , . ,, ' - ,,'-

*., ,,,*''. .. - ,. .'- ,, "

.- ;'. ',': " ' - .'. - ,

.... 9U.U'; t ,: - ' .- , .

I 92,t0i 1 J;'J. - '),',*2 - ,,

1 'l,,tIO ;' - 0,' - ru
,Ii1 ', 1 11L 9 ,.$ ' '" - ',, I . 1.,1o1

°
3

32U'::.O4 -1,9" - 0,31

S 21869,86 21389.62 -0.2 4 + 0,#)521393I,56 l 193

I 21395,64 1

, '., 0, 2I7 0.17 .1- 9, - 0,11)
'i 2LO82,09 21784.491. 2 1". A5. 0 1

The first constants in the formulas for the two series diverge

relatively little from each other. The difference is 14.08, which equals a

wavelength difference of 2.6 angstroms. From this one can safely assume

chat the two series originate at the same point. Accordingly they are called

subseries, following the nomenclatuiredbpted by Rydberg and by Kayser and

Runge. We have called the stronger series the 1. subseries, the weaker

series the 2. subseries. Rydberg has another series formula, according to

which the frequency number equals

If one assigns suitable values to the three constants A, B,), one can

represent the frequency numbers with a degree of accuracy not substantially

different from that achieved by Kayser and Runge's formula. In fact, the

difference between the two formulas does not appear significant, provided

one thinks of Rydber$'s formula as developed from negative powers of n.

The constanth can always be taken as lying between -0.5 and +0.5.
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The smaller the proportion between I and n, the more one can neglect the

subsequent members of the series as against the first ones. We have also

calculated Rydberg's formula for the strongest line of the triplets, and

find:

KEY:

i. X1enerie: . - . . - - 1. subseries

-. subseries

Deviations of the calculated values from observed values are given in

angstroms:

1. subseries 2.subseries

e -O'ui -. 0.04
A- -0.10

-- 0.0

Both formulas approximate observed values somewhat better than do the

formulas of Kayser and Runge. With the second subseries the difference is

still worth noting, but with the first subseries it is negligible. Another

factor favoring Rydberg's formula is that the first constants in the first

and second subseries converge more closely. The points from which the two

series originate according to these formulas are only 1.4 angstroms apart,

and the difference between the two constants has been diminished.

Rydberg has stated his expectation, derived by analogy from the series of

line-pairs in the spectra of the alkalis, that a main series of triplets lg
accompanies every two subseries of triplets, and that the frequency numbers

for this main series can be derived from the formula for the 2. subseries.
1

Yet, until now this main series has not been noted in any of the triplet

spectra. In the spectrum of oxygen, however, Rydberg's prediction has been

fulfilled on the whole. The connection is as follows: given that

constitute the formulas for the 2. subseries of triplets, where n = 2 is the

least value for which the formula will produce a positive frequency number,

which can still be brought about by altering the value of p by the appropriate -

I' Rydber;, Svenka vetensk. Alad. Haudl. 23. Nr. 11. p. 59.-[
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integer. Then, the formulas for the main series are:
B' - .

where n runs through the values 1, 2, 3, ... and where, according Rydberg,

should be true. Then one should, according to Rydberg, be able to represent

the frequency numbers of the 2. subseries by the formula:
B :.1+ -+

and those of the main series by the formula:

B- + .)- - + .-

At the same time, according to Rydberg, the intensity relationships of the

three components should be the same for C= 1, 2, 3. From formula (1) follows

that the strongest and the weakest components in the main series should be the

reverse of those in the subseries. Since "--.-:which, according to (1) ought

to be proportional to A,, , increases with increasing a, and therefore -

decreases with increasing OL In the triplets of the main series of oxygen,

therefore, the strongest line ought to have the largest frequency number and

the weakest line should have the smallest number. Furthermore, the first

triplet of the main series (n = 1) must give us the same frequency differences

as the triplets of the subseries, while the subsequent triplets rapidly

converge.

Accordingly, the first two triplets of the main series should have the

following frequency numbers:

strongest component -
middle component
weakest component 0 -3.:

After larger frequency numbers there are in fact two strong triplets of the

expected structure, i. e. the stron- red triplet at the wavelength 777 and

the strong triplet at 3947. These give the following frequency differences:

strongest component . .
middle component ,' .
weakest component .

The frequency differences for these observed triplets fit the calculated

values so well that any difference between them can be assigned to normal

observational error. In the case of the red triplet, the distance between

23
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the two weaker components might easily have been judged too large, since

they were only visible separately when observed with the narrow aperture,

which produces a reduced brightness making accurate measurement difficult.

The center of these two weaker components should be more amenable to accurate

measurements against the stronger component, since this difference could be

measured at the larger aperture. In fact this distance as observed matches

the calculated value quite exactly. The distances between the lines of the

second triplet which could be photographed in the second order with the

larger grid were also exactly as calculated. Therefore we unhesitatingly

express our conviction that here for the first time we have observed a main

series of triplets, and that Rydberg's link between the main series and the

second subseries does indeed represent a certain approximation of demonstrable

facts, as far as oxygen is concerned. Equation (1) appears to be fulfilled

more exactly in this case than equation (2). which is also the case for the

alkali spectra. The content of equation ji can also be expressed in the

following manner: B -

or in values: the differences of tha positions from which the main series

and the subseries originate equal the frequency numbers of the first triplets

of the main series. This is the way this law has been formulated by Schuster

who had newly discovered it, without being aware of Rydberg'sI monograph. It

is interesting to note that the frequency numbers of the Fraunhofer lines,

which appear to coincide with the lines of the first triplet of the main

series, give the calculated differences quite exactly, even more exactly

than do the oxygen lines measured by us. According to figures given in Higg's

atlas the three lines show frequency differences of 3.69 and 1.97, while the

triplets in the subseries give on the average 3.70 and 2.08. The second

deviation equals a difference of 0.07 angstrom, which lies well within the

margin of observational error. This confirms, as stated above, our conviction

that the Fraunhofer lines owe their origin to oxygen.

The conclusive proof that the triplets at 777 and 3947 are components

of the main series will come only when subsequent triplets of the series are

observed. The next tri.;iet should total 0.09 angstrom -4:

lie near 3334; the next one should be even narrower and 1.ie Z=-s

-c 3117. We have not been ab7e e- locate th;_se lines

1) tidberg. Nature 4;i. p. 209. 2
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It is nevertheless possible that the decrease in intensity, which is even

more pronounced in the main series than in the subseries, turns so severe at

this point that the lines in question are not as yet detectable with our

methods of exposuro. Of the lines observed 3947 still had an energy great

enough so that we would have expected further lines even given our methods

of exposure.

Outside of the triplet series there are two other series of lines in the

Soxygen spectrum. In all probability all of these lines are in fact narrow

pairs; the four brightest appear as double lines on our exposures, and we

were able to measure the brightest among them as two separate lines. In

every case a weaker component lies on the side of lower wavelengths. It is

likely that the difference between the frequency numbers of the main line

and both of its components is identical for all pairs; but we cannot say

anything definite in this regard and are forced to also restrict our

calculations to the main lines.

KEY TO TABLE:

-.- ...... - " "a Stronger Series:

b Berechne:tC Beoach:ettd e ' f frequency number = ...
3=,r~ht 'r Scwi:_:un,7 ..,.g ,,, .nun_. '-DMff,,nuz D.,,n,,.,•dr -

X,.ieula , WePeui .n:- b observed wavelength

4 .- 0.II c calculated frequency no.

C. - ,d observed frequency number

* . .e difference

104Z-.44 :Z.u4.. --. 3 - .14 f corresponding difference
... 3, 100 3.43 2,00, .'" ,,t05 - .I

i.' 4!~.3 ti:Q.4 SiheS in wavelengths
j.Schwiichere Serie.

Sc~hwingung,5zahl ,- 210,98- 110.329.5 ,-'-- -45n-3. j Weaker Series:

...... .... BerechneteC Beobacheted ' Entpreehede f frequency number =
SBehavht~e' Sell wit gungs- Schwinungs- Differenz Ditfereti ,r -
\Vellnl(Lge' zahl zahl Wellenliigen

4 :uo2,48 142G6,5 14276,7S + 0,22 - 0,1

5 9,8,,5 16,777,92 16, 77,4S - 0,44 + 0,10
1 5512,12 l 107 14,27 - 0,50 + 0,13

18952.11 16951.29 - 0,83 + 0,23

&.130,70 194b2,23 194S5.20 + 2,97 -0,,S

531",34 1 64.,48 19840,,1 + o,63 -0,21

Ili 49'3,Ub '.1(J0,20 20102,-9 - 2,31 + o.5"
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Both formulas are calculated according to the method of least squares,

in which all frequency numbers are assigned the same weight. This also

gives the higher frequency numbers more importance than is warranted by their

accuracy, but is nonetheless preferable since by this method the terminus of

the series, the frequency numbers corresponding to n=00, can be determined

with greater exactitude.

Following Rydberg's formula, we obtain for the same series the formulas:
•'-2 05.5t - 1~i0 .'7 in - 0.161911-'
~2121,11 - Io4 I0,. I. ,J - UIUJJ --

The difference as compared to observed values is insignificant. At the same

time one must say in favor of Rydberg's formulation once again that his first

constants for both series as well as the second constants show less deviation

than those in the formulations of Kayser and Runge.

According to the formulas, the two series originate close to the same

point. They must therefore be regarded as subseries. Thus, the oxygen

spectrum has two sets of subseries. It seems that there is also a second

main series, which relates to the second pair of subseries in a way similar

to the relationship of the first main series with the first pair of subseries.

If we take the formula '.,, - - , -

from the one series, following Rydberg's law deriving from it the formula
.1 - 10036(,, ( . -

where 21 205.51 = !O9: Ut., (l + ,,--

and = 1036G, (2 - O.1t1gJ1 :

then we obtain the following frequency numbers for nu l, 2, 3:
11155,10
2-2148,06
26375, 15

The first number corresponds to a wavelength in the infrared region, in which

we lack measurements. The following two lines, however, are not markedly

different from the frequency numbers of the two strong lines at 4368.466 and

at 3692.586:

calculated 4.9 6 26 31 .
observed 1,,,, "2' " " '
difference - ,,,-.4,

26



In the case of the first main series the calculated values for 820 and 947

were less than those observed. Therefore it is not impossible that we have

here a second main series, although we did not succeed in finding the

subsequent lines. It must also be emphasized that the frequency numbers

calculated for the main series are derived from the frequency numbers of

the stronger of the two subseries, whereas according to Rydberg the weaker

subseries should have been used.

The overview of the six series given in the illustration at the end

of this article shows great similarities with the six series in the spectrum
I

of Cleveite gas. Two subseries each and the main series belonging to them

give us the picture of an alkali spectrum. In our work on Cleveite gas we

spoke about our feeling that it was composed of two elements, corresponding

to two groups of three series each. This conclusion must now be rejected,

since the same reasoning could lead one to conclude that oxygen had two

separate component elements.

§ 4. THE SERIES SPECTRUM OF SULFUR

Sulfur exhibits a spectrum analogous to the compound line spectrum of

oxygen. We equipped the Geissler tubes with a bulb-shaped end which we

filled with concentrated sulfuric acid. The electrodes consisted of thin

platinum plates and the tube remained connected to the U-shaped tube

described above for the generation of oxygen. We heated the sulfuric acid

in the bulb until it vaporized and some of the vapor condensed in the

capillary part. When one waited until the water vapor produced at the same

time was mostly absorbed, while running a stream of oxygen through the tube

at the same time, then the spectrum described below appeared right afterwards.

Provided the tube was set up using pure materials from the start, this was a

pure spectrum, aside from the compound line spectrum produced by the oxygen.

After some time it became strongly contaminated by the second oxygen spectrum,

probably due to contamination of the sulfuric acid with organic compounds.

The principal lines of the new spectrum also showed up when sulfur was heated

in the tube and oxygen was introduced; secondly, when sulfuric acid was

introduced. In both of these cases the band spectrumdominates, and it seems

that the new spectrum is only produced in the presence of oxygen.

i C. Uunge u. F. Paschen, Astrophypical. Journ. Jan. 1-96.
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It is best preserved with sulfuric acid and even then it improves in an

oxygen atmosphere. The following table shows the observed wavelengths:
a b Z. ,z ti q d 6iW\biml Mr'4t.r .- 6d * :-,-KEY TO THE TABLE:

:%im. F.ule. ,, I o" 9.,. ufly-.U

-.. .....- . a wavelength
4'I4 Die Abrsii'wl ,tr Irl Liulieu Ant b

,wit I xde%! n (itter pvmeeean error

n.1 i reni lt c no. of observations

d intensity

.... L..* h.. 1 l e remarks

• .- f intervals of these three
DI. Linitu itlc tnlt eiuer Verun. lines were measured with

5290."9 0.Q.: 4 h relukriu m uImtmn,. die vielleicht
r" we l.ttutrictotf ierrihrt. the larger grid and are

.... • ' : iuch more precise thanu3 . O.4 .

..8,,IJ t)04 4 the wavelengths.4481.1101 0,04 6 4

54,4..86 0,U 2 2 t the same is true for

3440,90 0,05 2 3 these lines.
5499.3S 0,05 6 3
5501,73v' 0.03 6 4 -.. h this line coincides with
5361.10 0.03 6 5
5o3,12 o,o; 4 3 an impurity, possibly

*, I.. o.i': stemming from oxygen.

.69BT.02 0.03 6 ' i this weak line could
5-,00.53 0.0- 6 7

'&06.44 0.01 6 only be determined to

.5,9 0 0.0 ca. 2 angstrom units.
. , 374 "..€ : .

l , **. .0 .

i ; " ' T..; '

8403.70 0.04 "
6WB .82 L'.,)2 .;
040e.81. (j.O-A
6413.0 0.02

72,~A0Diki -nhwaulil' Littl kuntt utir
,24i.u ,Wi. 2 ,ingim u o -au be.

Atlmmt werdeli.
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6 5. THE SERIES OF THE SULFUR SPECTRUM

The greater part of the lines listed here form two series of triplets,

which show many analogs to those of the oxygen spectrum. The differences

of the frequency numbers of the three components of each triplet are once

again identical for all triplets, insofar as our observations allow

such conclusions:

KEY TO THE TABLE:

a b c d
a observed wavelength

Wden- hh1iV&I-:1- IPtfrenz lkerkun-en b frequency number

-. . .. _ c difference

I S,:.' d remarks4 7 1.. 6 14" : I * I ,

til4:.91 I,.4." e third component was

t41 . S 1 .Y= not observed
A4 0 S. 3 2".15600.,
4 0 3. ".0 .641.73

V....

t;=. 1 2" 4 0"

S1 4. ,

•~~~1 ..¢ .. 1.24

54 i 5. t- 1,!843.'4 1,3

5 144,!i) 1 .1, I)ritt' C6mpotIe.it ilici l.oudh:cr.

e

555D.99 1m596,1-. 10,94
5372., 2 1aG07,12

5295,1s; 16677,50 17,74
b;f?*,89 16895,24 10,76
5287,58 15906,00
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The mean values for the frequency differences are 18.15 and 11.13,

when weighting is taken into account. One can now adjust the three

components of each triplet by weighting them so that the frequency

differences 18.15 and 11.13 obtain while the center of gravity of each

triplet remains at the same point. The corrected frequency numbers are

given in column two of the following table:

, . ,,,I . n M,,,r KEY TO THE TABLE:

Sw~tj:ah : I .'. ,j ,1.*,bt,i.,: £ f observed frequency

number

1 47 t4.63 - oo, -0 .05 ,'.0:,,. 1.S .. corrected frequency14 S.2. 1 0- ,1 11,,
S2 .4. 0- 4" number

. ..,, ,1 . ' 3 . .,,
.. , .. • . h difference

i corresponding difference

-.. : ;,4 . _., _ in wavelength

.mean error in

,...."." ,' . .... -- '* , * " observed wavelength
- -, . .. '..

1 :;,ld'.. 17,oi,..3 - ,..0., - ',': 2
1- 119 02 4. .. -- ,- ,, 5.15 ''. 23

-+ U ,.,,

7 .. 1Z 1'. . 11 -A

l~l;,;L,.7iI..." - 0.IU - ;9.4,',;

I 1S 2.: 1162.L4 IJ.U - 9.'

18,S43.t 4 18813.t;6 + 0.02 - ,J.01 00

18361 T 1S3('1,81 - 0,06 + 0.0 2

1858,1 5 5'7,04 - 0,13 + 0,04 0,04
8506. I S96,1 + 0,01 - 0.00 0.04

1840".12 1 it;f)7,32 + 0.20 - 1 .0,6 0.05

18867.-110 IM77.15 -0,35 + 0.10 0.0

M9,24 IM9,.30 + 0,06 - 0.02 0.0()
18906,00 .1890(,48 + 0.48 - 0, -

1) Concerning the mean error, the observations regarding the oxygen spectrum

are also in order here. Given the small number of measurements, the

exactitude of a wavelength is to be judged less by the individual mean

errors than by the mean error taken as a whole.
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As is shown by the illustration at the end of this article, the triplets

can be arranged in two series, which decrease in intensity as the frequency

numbers increase, and originate at the same point. In other words, they

have the characteristics of subseries. We have observed six triplets of

Sthe stronger of the two series, which we call the i. subseries, while we

have found only four of the weaker series, which we call the 2. subseries.

The frequency numbers can once again be represented by a formula:

where the cosatB has apoiteythe saevalue asin all other series. A
In the following, the values of the formulas are compared with our observed

values.

The formula is calculated in such a way that

it corresponds most closely to the frequency

numbers correctea to the constant frequency

difference by the method of least squares. All

frequency numbers are assigned equal weight at

the same time.

The formulas are derived from the ILLUSTRATION 3.
Sulfur triplet:

frequency numbers of the first three triplets,
4694.4/4695.7/4696.5

corrected to identical frequency differences,

without equalization. Inclusion of the fourth Exposure made using
the large grid (enlarged)

triplet would alter nothing in our calculations.

The formulas of the two series show by the close correspondence of their

first constants that the two series originate very close to the same point.

For smaller values of n the formula of the first series gives us two

more triplets which fall in the infrared range, where we made no observations.

The formula for the second series also gives us two more triplets, of which

one should lie around 770 and thus should be still barely visible. We have

searched for it but could not discover it. At that it is quite possible

that the lines escaped us due to the smaller intensity of the second series

and the decreased sensitivity of the eye in this range of the spectrum.
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KEY TO THE TABLES:

a . ,,, ,a 
1. subseries

I i t e :-.b strongest line

c middle line
lBeree'hnere B,:)b ''.,te Dh, ... . 1 Dif,:UZ tier -

?) ... A weakest lineS"I wzwhgun-ah zwiu \',:il,:h1 . e frequency number

"... -' ... - as calculated

frequency number
..... :,,.... .. .as observed

-difference

h corresponding

.... - " -d i f f e r e n c e i n

. - wavelengths
-1,t 2. i 2. subseries

• " ,: ,; " - .. . -. .

-: . . ' '-'* .-

i ". Xebeuer~e.

S irkbte Linie: . - 106,44.5 ,-2 -)
C Mittlere .. .8 - 4 -. 5 ,,-4 - ,
d chwilchte .:2OI10.,1. - 1 bC4 4.3 n- - i ,t-3

e f g Enurtrehende
i Reribnete Beobacihete Dif'erenz Differenz derSchwingungzahl Schwinguu_ .a1 WellenliLngen

5 '.4O 2 .4 5 , , £ b :- , . t: - - 0 .0 3

1.'- : - ,.0

.. L
002.40-12.J 

-

1S343.56 15348.t4 - -! ia3O1.71 -It-..7 ). t'S - ,0

1837-.4 1i374, -T.) -
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By analogy with the oxygen spectrum, one would expect an additional

main series of triplets, in which the frequency differences do noc remain

constant but draw closer together from triplet to triplets as the frequency

numbers increase. In this, according to Rydberg's law, the strongest

component would have the smallest frequency number in each triplet, the

reverse of the situation in .the subseries. --According to Rydberg the formula

of this series could be calculated from that of the 2. subseries, in the

manner indicated above for the oxygen spectrum. In Rydberg's formulation,

the formula for the frequency numbers of the 2. subseries is:

strongest line: ,
middle line : :u',.1j - :.,; -
weakest line :- - . -, .1Q'J4",

From this we derive the formula for the main series:

strongest line: - -, -
middle line : 15,,51; - 0 ' it.:, ',, + .; 7 1. -
weakest line : 2951,5 - t-t 0.326!!)-'!

For n=2 the triplet falls in the infrared range, but for n=3 we get the

frequency numbers:
difference

strongest line: 196-9,05 dif.ec

middle line : .- :1
weakest line

With the oxygen spectrum the numbers so calculated give only a rough

approximation of the actual values. Only their differences corresponded

well with the differences of the actual values. The actual frequency

numbers were considerably larger. If we suspect a similar case here, it

is not improbable that the strong triplet at wavelength 469 belongs to the

main series. It is true that the frequency numbers exceed the calculated

values by even more than in the case of the-corresponding oxygen line-S, yet

the frequency differences fit the calculated values quite' well.

Wavelength Frequency no. Difference

strongest line: ,:.4,..: '::,u
middle line : 4 *:,':.

weakest line : ' '"'"
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i0
Rydberg's derivation of the formula for the main series contains

two assumptions, as explained above, and these can be regarded separately.

the first contains only a rough approximation of actual data. The other one

is well demonstrated in other spectra as well, and can be stated as follows:

the difference between the frequency numbers of the ends of the main and

subseries equals the frequency numbers of the first member of the main

series. If one considers this assumption by itself, then one has a constant

for the determination of the main series formula and one can use observed

values to calculate the formula:

frequency number of the strongest line: s:ts.,-tss6S.,,-.Z":2;-2,
frequency number of the middle line : -; -,0.. 47-

frequency number of the weakest lin:e :

These formulas now give for the following value of n tie wavelengths (in air):

which we were no more able to observe than the corresponding lines of the

oxygen spectrum. The intensity in the main series must therefore also be

decreasing rapidly at higher frequency numbers, if this assumption regarding

the main series is correct.

We think it quite probable that the sulfur spectrum also has analogs

for the other three series of the oxygen spectrum. At the same time we did

not succeed in demonstrating their existence. The strong triple line at

5279 possibly corresponds with the strong oxygen line at 4368. This would

then have to be a narrow triplet, so narrow that it would be very difficult

to separate the components. Then the two subseries belonging to 4368 would

also have to consist of triplets. A comparison of the frequency differences

of the other oxygen- and sulfur-triplets shows, in fact, that the frequency

differences of 3.70 and 2.08 with oxygen increase to 18.15 and 11.13 with

sulfur, that is by a ratio of 1 to 5. With the alkalis the frequency

difference increases from element to element proportional to the square of

the atomic weights. Here the increase is somewhat more pronounced, since

the squares of the atomic weights of oxygen and sulfur are in the proportion

1to4.
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§ 6. THE SERIES SPECTRUM OF SELENIUM

Selenium also has a spectrum analogous to the compound line spectrum

of oxygen. If one puts selenic acid instead of concentrated sulfuric acid1 "

into the bulb of the Geissler tube, treating it in the manner described on

p. 669 above [p. 26 of the translation], the series spectrum of selenium

appears. The selenic acid must be heated to a somewhat higher temperature

than the sulfuric acid before the vapor begins to condense in the capillaries

and the spectrum becomes bright. On the other hand, the spectrum remains

good for a longer period than that of sulfur. As with the generation of a

sulfur spectrum, the presence of an oxygen atmosphere appears to favor the

generation of a selenium spectrum. Again as with oxygen and sulfur, the

lines of the selenium spark spectruim can be seen at the same time. We were

able to observe many, though not all, of the lines of the selenium spark

spectrum described by PlUcker and Hittorf. These are not listed in the table

below. Our primary concern was that selenium spectrum to which the triplets

belong. Only this latter spectrum was visible from time to time, along with

the lines of oxygen and hydrogen. But we did not retain the tubes in This

state for any length of time. Therefore we did not obtain a pure spectrum

on our photographs, which needed a longer exposure due to the lesser

intensity. Among the red lines we were only able to measure the stronger

ones. Only these are listed in our table, along with some weaker lines lying

next to the measured lines, which latter could then be estimated without a

micrometric measurement.

lWe concentrated the commercially obtained dilute selenic acid by careful
evaporation until it no longer gave off water vapor in a vacuum.
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. -. -.. a wavelength
Di. DIhvro,,,.Lm die-,r Mig Uln,, b-mean error
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tions

" "d intensity,'., 'b jtai v ii,

:1 I) i. e remarks

'.,. ,, , f The differences of
these three lines,

:.,.,, ('.U.! which could be
. , .measured with the

ZN o,,): large gird, are
;OO.J ,.u' : substantially more

10od,, ,,.0 5 4 exact than the
J.ll o.03 4 3 absolute values.

I AbLt. v. I. 'origen Linie gacha tzt. . the same is true
-T.2.31 0,09 3 2 h for these three

5 3 .; .,1) 4 - l i n e s
~i,)1 0.06

"-.4;.10 4).15 4d s n
:.-,:;.:.h distance estimated
.. .o, .from preceding

:,:,:.i, ,:. ,: ..'..,lin e

i perhaps a double
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-.:, (, I."~
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It is not beyond the range of possibility that some of the weaker among

the lines listed here belong to the spark spectrum. Nevertheless, the greater

part forms a series spectrum of triplets that do not appear in the spark

spectrum, one that is analogous to both of the described spectra of sulfur

and oxygen.

The constants of the differences between the frequency numbers of the

triplets lines cannot be demonstrated as clearly with selenium as with the

elements of lesser atomic weight. It appears that the components of these

triplets are accompanied in part by weak companions, and that these and not

the principal lines give us the constant frequency differences. Similar

features have been observed with the 1. subseries of calcium, strontium, zinc,

cadmium, and mercury. These weak companions are, however, easy to miss and

cannot be measured accurately. Therefore we would like to avoid the ready

conclusion from the deviations from the constant frequency difference, which

would suggest that the complete and exact measurement of of the weaker

components would not result in a constant here also.

.- . KEY TO THE TABLE:

a wavelength
0 14i25. 0 ... b frequency number

, ' -j 142-5, , r, 4-.4 7 T
. , , . 4,, c differences

7 1 .4 ..

' 1 03. "
;32 3,4 1 3 04,98 ., I3,.-

103.64
62S4.19 15908,62
6 233.54 15910,27

f 62'19.2d 1304t,45 45,27.

6,-36 15953,SU 43,62

6177,,7 16!82,41 ] 103
'3138.51 18288,17 "  087

16286,1744,03
6121,95 10330,22 J

f 5962,08 16768,10
15961,7 16789,17 104,05

-32,116872.15 103,'50
5925,13 16872,U7 ll 4 ,J
5009,49 16917,38 JJ 44,66
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d'llnltn~e b$,.wict.:)4hZIhI ¢ [.ittrtn:, KEY TO THE TABLE:
- -- . -

. Ot.t I I. a wavelenegth
,,,~ ~ 1 0,9 ..': ')' 4 4 4+ .,

T.'.,ITb4.16 J b frequency number
.T c differences

1~~ 7,~, 4 ..3I

... . . ." ,.7 .',- l ,t. t

15 . -.. C

T S - 17 . 2 *

. ......

It is not practicable to correct the numbers to equal frequency

differences, as was done with the oxygen- and sulfur-triplets, since with

the weak companions one never knows which line should be adjusted and how.

All the same one can become convinced that the triplets form two series.

In the illustration at the end of this article they are graphed, where, due

to the small scale employed, the weak companions are not indicated. The

dotted lines are not as observed, but drawn to better show the symmetry with

the other lines.

In order to show that both series can be represented by formulas, which

show all the characteristics' of series- formuI-a-, it is enough to take one line

from each triplet. With triplets that do not show companions we chose the

longest wavelength, with the others the companion having the longest wavelength

since it seems that the companions are the ones that give a constant frequency

difference. Because of the uncertainty concerning the companions, the formulas

are not equalized.

The frequency number that is the third from the last, 17794.91, matches

the wavelength 5618.05. The other two components of the triplet should be

The third line was not observed.
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a Er.te ,t'rkeret) Nobhnerie. KEY TO THE TABLES:
b __ ,,__im_:__Z-3h1 - 1130.5..1 - It_0._ _it., 4-.1.1_ a first (stronger) triplet

-- -- b frequency number

c calculated frequency no.

:, 4 ~l:~.; 1 T4L', d observed frequency no.
1 4.4.0A w-0 . .1 e difference

......'& t , ' " ,u r\ t:t ,u .: .

-0. 0 1 3 , - I,2. g f remark

, L j used for computing the

,'. .-. . - ...-,. constants
h second (weaker) triplet

b .-'hv..'..s;h - t... - 
- t : tt a" -, -

.- .. ... ...

l: U&.4 17l 005,31 0,00

S i 539.Th I53S,09 - ,

still strong enough in order to be noticeable, but they fall into one of the

green oxygen bands. Presumably 5618.05 also has a weak companion of smaller

wavelength. That would explain the unsystematic deviation of this line from

the formula. The last frequency-niumber-5-elongs to the wavelength 5464.82.

here the other two components of the triplet could no longer be observed.

The line 5416.94 (intensity 1) frequency number 18455.57 (observed once)

also belongs perhaps to the subsequent triplets, since calculation gives us

a frequency number 18455.72. The line could also be due to contamination,

however.

The two series of lines falling into the infrared range correspond to

the smaller values of n, for which we have no observed values.

In order to search for a main series in the selenium spectrum, we have

calculated the 2. 'subseries accordin2 to Rvdberg's formula:
Frequency number - 19 .. . = 111 , : 1.,.v,,:, ,;-'

If one assumes that the frequency differences of two neighboring

components of a triplet are in the mean at 103.71 and 44.55, then the other

two components can be represented by the following formula:
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From this, according to Rydberg, one can find the formulas for the main

series:

where .. are to be determined in such a manner that the second terminus

-. equal to the termini 19286.76, 19390.47, and 19435.02

becomes the formula for the 2. subseries.

In this manner one obtains the formulas:

strongest line: frequency number .- . .. ,
middle line : frequency number S ..- L
weakest line : frequency number = -

For n= 2 we get wavelengths falling in the infrared range. For n =3,

on the other hand, we obtain the frequency numbers:

difference
strongest line: .... ,.
middle line:
weakest line: :-..,

The numbers so calculated represent a very rough approximation in the

cases of oxygen and sulfur. Only their differences gave a good correspondence

with actual values. Actual frequency numbers were substantially higher. Thus

it seems very probable that the strong triplet at 474 belongs to main series.

We have here: KEY:

a strongest line

d Wvellenlliingeeiiwi. ut,,zabI Differse-z b middle line
a Stirkate Linie. .7,31,02 - 21131,19 36,- weakest lne
_ Mittlere 4 639,2S 210UJ4,42 c li

Schwdehste ,, 4742,52 210*0,05 1 d wavelength

e frequency number

f difference

The frequency differences and the relative intensities fit the laws of

Rydberg. The strongest component, which has the greatest wavelength in the

subseries, here has become the shortest and the weakest has become the

longest.
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This is still not a sufficient final proof for the existence of a main

series, since for that one would have to observe the other members of that

series. One would expect the next member at ca. 400, and the intervals of

the wavelengths should be at ca. 2.7 and 1.2 angstroms. We have not been

able to observe this triplet. Thus, if the supposition regarding a main

series is correct, the intensities would have to fall extraordinarily fast

from memebr to member, otherwise the next member could not escape detection.

We can say nothing definite about whether the strong selenium triplet

at 537 is in fact an analog of the strong oxygen line 4368 and the sulfur

triplet at 528. It appears likely, given the general dirtribution of the

data, as shown in the illustration at the end of this article. Yet, we would

expect smaller frequency differences. Also their relative position shows no

similarities with the components of the sulfur triplet at 528.

The frequency differences in the triplets of

the subseries behave in relation to those of

oxygen and sulfur, roughly speaking, as do the

squares of their respective atomic weights.

KEY TO THE TABLE:

a frequency difference __ _

b atomic weight ILLUSTRATION 4.

c square of the atomic weight divided by Selenium triplet:

the frequency difference 4731 / 4739 / 4742

a b c exposure using large grid
0 3,70 und ?,u" 11 69 mid 123

1 iSi 11,13 2,O6 ,T -. (enlarged)
Se 103,-. 44.07 ".9,07 60 ,, 140

Similar has been observed regarding the line pairs in the spectra of

the alkalis, and in the triplets of the spectra of magnesium, strontium,

calcium, and of zinc, cadmium, and mercury.

At the same time there is a regularity in that the series as a whole

of 0, S, and Se move towards the side of lower frequency numbers with

the increase in atomic weights, a fact also observed in the series spectra

of other chemically related elements.
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Thus it is shown that oxygen, sulfur, and selenium all three have an

analogous spectrum, for which we have used the name "series spectrum," in

place of the name "compound line spectrum" used by Schuster.

We have also attempted to produce the spectrum of tellurium in the

Geissler tubes. Following the analogy with the circumstances in which

the series spectra of sulfur and selenium appear, we placed telluric acid,

which Professor Seubert was kind enough to prepare for us, in the bulbous

end of the Geissler tube. We treated it just as we treated selenic acid

and sulfuric acid, but it soon became clear that the temperatures to which

one can subject an ordinary glass tube (ca. 500*C) are not sufficient to

vaporize telluric acid to the point that it would condense in the

capillaries. We observed no tellurium lines in this attempt.

~J.. .-..c-[ ... -..

C ..

e . . ..
ed -. .,

C lr ,,

d - ,.reiw:,'.', - . . . - _ _ _ _ -

C _

Fig. 5.

KEY TO ILLUSTRATION:

a wavelength

b frequency number

c main series

d 1. subseries.

e 2. subseries
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